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The range of nucleon interaction 10−4 cm–1 cm is interesting because it corresponds to the mass range
of an intermediate particle within the so-called “axion window” that is not closed yet by experiment.
Depolarization of ultracold neutrons (UCN) during their storage in material traps can be caused by CP-
violating pseudo-magnetic precession of the neutron spin in the vicinity of an unpolarized matter surface.
Using the experimental limits for UCN depolarization new constraints were set for the product gSgP of
the dimensionless scalar and pseudo-scalar constants, and the parameter λPS = h¯/mPSc, determining the
range of the Yukawa-type interaction of the nucleon via a new pseudo-scalar boson (axion-like particle)
with mass mPS:
gSgPλ
2
PS  2.96× 10−21
[
cm2
]
for 10−3 cm < λPS < 1 cm;
gSgPλ
2
PS  3.9× 10−22
[
cm2
]
for 10−4 cm < λPS < 10−3 cm.
The previous limit on gSgP is improved by 4 to 5 orders of magnitude for λPS ranging from 0.1 cm to
1 cm. Prospects of increasing the accuracy in searching for CP-violating pseudo-magnetic precession are
considered. Estimates of possible effects of pseudo-magnetic precession in the framework of theoretical
models with CP-violation are discussed.
© 2009 Elsevier B.V. Open access under CC BY license. 1. Introduction
The work [1] suggests searching for a pseudo-magnetic neutron
spin precession in the vicinity of a bulk matter surface by mea-
suring the resonance shift in a magnetic resonance spectrometer
using ultracold neutrons. The given work demonstrates that, be-
sides the neutron resonance shift, the pseudo-magnetic precession
also gives rise to UCN depolarization during their storage in mate-
rial traps. Using available experimental data on UCN depolarization
from the works [2–4] we can thus set new constraints for the pa-
rameters of the pseudo-magnetic ﬁeld close to the matter surface.
Such an analysis and new constraints are presented in this work.
The search for the pseudo-magnetic ﬁeld close to a matter
surface is motivated by one of the most important questions of
elementary-particle physics – the possible existence of axions. It is
well known that the introduction of axions allows one to solve the
problem of CP-violation in strong interactions. Moreover, axions
are considered as a candidate for the dark matter in the Universe.
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Open access under CC BY license. An overview of both the theoretical and experimental parts of the
problem is presented in the works [5].
One-boson exchange between the scalar (gS) and the pseudo-
scalar (gP) vertices results in the following form of the nucleon
interaction potential [6]:
V (r) = h¯
2
8πmn
gSgPn · σ n
(
1
λAr
+ 1
r2
)
e−r/λA , (1)
where gS and gP are the dimensionless scalar and pseudo-scalar
coupling constants of the nucleon with an intermediate boson
(axion), n = r/r is a unit vector between neutron and nucleon,
λA = h¯/mAc characterizes the range of forces (Compton wavelength
of axion), and mn and σ n are the mass and the spin of the neu-
tron. The correlation (σ n · n) violates P and T invariance.
The following equations relate the coupling constants gS, gP
and the mass of the axion [5,6]:
gS = Cp,nmn,p
fA
θ, (2)
gP = Cnmn , (3)
fA
424 A.P. Serebrov / Physics Letters B 680 (2009) 423–427Fig. 1. Scheme of the experiment for neutron electric dipole moment search [2]. The pseudo-magnetic neutron spin precession in the vicinity of vertical walls leads to a
random neutron spin ﬂip and UCN depolarization during their storage. The pseudo-magnetic neutron spin precession in the vicinity of horizontal walls will cause the neutron
resonance shift, if the central and external electrodes are made from materials of different densities.mA = z
1/2
1+ z
fπmπ
fA
∼= 0.6 meV
fA/1010 GeV
, (4)
where fA is the energy scale of the breaking Peccei–Quinn symme-
try, θ is a model parameter, Cp,n are model-dependent numerical
coeﬃcients, z = mu/md, mA is the axion mass deﬁned by the re-
lation mA fA ≈mπ fπ , where mπ ≈ 135 MeV, fπ ≈ 92 MeV. In our
case we will consider θ as a free parameter. Constraints for θ can
be obtained from an experimental search for a pseudo-magnetic
ﬁeld near a matter surface. The article concludes with a discussion
of the sensitivity of the experimental search for pseudo-magnetic
precession.
In the vicinity of bulk matter the interaction potential can be
described by the following formula [1]:
V (z) = ± h¯
2λA
4mn
NgSgPe
−z/λ(1− e−d/λ), (5)
where N is the number of nucleons per unit volume, d is the ma-
terial wall thickness and the sign (+)(−) is determined by the sign
of the neutron spin projection onto the surface normal. For d  λA
we can omit the term in brackets. Such a spin-dependent form of
the potential is equivalent to an effective magnetic ﬁeld:
HSP = h¯
2λ
4mnμn
NgSgPe
−z/λ
= 1.7× 10−8 [Gcm2] · λA [cm] · N [cm−3] · gSgPe−z/λ, (6)
where μn = 6× 10−12 eV/G is the neutron magnetic moment.
At present there exist astrophysical limits for the axion mass.
The unclosed range of masses, or the so-called “axion-window”, is
within the range 10 μeV < mA < 10 meV [5], which corresponds
to the parameter λA within the range 2 cm > λA > 2 × 10−3 cm.
A suﬃciently large number of experiments probes the pseudo-
magnetic ﬁeld between nucleons within the range from several
meters up to a centimeter, see for example [7–11], and only one
experiment within the range from several centimeters to a mi-
cron [12]. The latest experiment was carried out with the help of
UCN, studying quantum states of the neutron in reﬂection from
a horizontal matter mirror in the gravitational ﬁeld of Earth. Un-
fortunately, such experiments with “gravitational” levels do not
provide a high statistical accuracy. The proposal of the work [1] to
measure the resonance shift in a magnetic resonance spectrometer
with UCN allows us to make signiﬁcant progress in the accuracy
of pseudo-magnetic ﬁeld parameter measurements. However, al-
ready now, before the realization of this proposal, we can obtain
new limits on these parameters using available data on UCN depo-
larization during storage in material traps, for example, from the
work [2].2. Experimental scheme, estimations for model parameters
Let us look at the experimental scheme for the search for
the neutron electric dipole moment [2] (Fig. 1). The traps for
UCN storage are located in a weak vertical magnetic guide ﬁeld
of 0.02 G. If there are pseudo-magnetic ﬁelds in the vicinity of
the substance surface then the conﬁguration of ﬁelds inside the
spectrometer gets more complicated, and there occurs an addi-
tional neutron spin precession around the pseudo-magnetic ﬁeld.
Pseudo-magnetic precession in the vicinity of vertical walls leads
to a random neutron spin ﬂip and UCN depolarization during stor-
age. Pseudo-magnetic precession in the vicinity of horizontal walls
will cause a neutron resonance shift, if the central and external
electrodes are made from materials of different densities. Also the
sign of the resonance shift in the upper chamber will be opposite
to that in the lower one, if the direction of the magnetic guide
ﬁeld H changes. The resonance shift effect just corresponds to
proposal of the work [1]. However let us return to the UCN de-
polarization effect.
The pseudo-magnetic ﬁeld nearby a surface is described by
H(r) = Hr0(λ)e−|r−r0|/λ. (7)
In the system of co-ordinates of the moving neutron rotating with
Larmor frequency ωz , H(r) is transformed in H(t):
H(t) = Hr0(λ)e−|t|/τλ cosωzt, (8)
where τλ = λ/vn, and vn is the normal component of neutron ve-
locity to a wall surface.
Let the initial state of the polarization be equal to P0 and di-
rected vertically. After the ﬁrst collision with a vertical wall there
occurs a deviation of polarization from the vertical axis by the an-
gle ϕ and Pz = P0 cosϕ ≈ P0(1− (ϕ)2/2). The probability of
depolarization is β = (ϕ)2/2,
ϕ = 2πγ Hr0
+∞∫
−∞
e−|t|/τλ cosωzt dt = 2ωλτλ
1+ (ωzτλ)2 , (9)
where ωλ = 2πγ Hr0 (λ), γ = 3×103 Gs−1 s−1 is the gyromagnetic
ratio, which determines the frequency of neutron precession in a
magnetic ﬁeld. The effect of UCN depolarization per wall collision
is given by
β = 1
2
[
2ωλτλ
1+ (ωzτλ)2
]2∣∣∣∣
(ωzτλ)21
≈ 2(ωλτλ)2. (10)
One can see that UCN depolarization depends on the value of
the magnetic guide ﬁeld Hz or the value of ωz in formula (10).
When (ωzτλ)2  1 the non-adiabatic condition is fulﬁlled, and the
pseudo-magnetic ﬁeld produces the maximum possible UCN de-
polarization 2(ωλτλ)2. When (ωzτλ)2  1 the adiabatic condition
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by the factor 1/(ωzτλ)4. We will consider the non-adiabatic con-
dition which is valid for λ < 1 cm. The magnetic ﬁeld in the
EDM spectrometer [2] was 0.02 G, and the average normal com-
ponent of velocity is about 500 cm/s. In this case, (ωzτλ)2 < 0.5
for λ < 1 cm.
We can numerically estimate the coeﬃcient in the formula (9)
for the average UCN velocity v = 5× 102 cm/s and the density of
nucleons in the material of the vertical wall (fused quartz), as in
the experimental search for the neutron EDM [2], NSiO2 = 1.6 ×
1024 cm−3:
ϕ [rad] = 4.1× 1018gSgPλ2A
[
cm2
]
. (11)
From this estimate one may conclude that storage of polarized
UCN would be impossible for gSgPλ2A > 10
−18, because depolar-
ization would occur after the very ﬁrst collision with the vertical
wall.
Let us perform a more accurate estimate for the parameter
gSgPλ2A based on the assumption that UCN polarization in the ex-
periments [2,3] decreased by not more than 10% after holding UCN
in the traps for 100 s.
It should be noted that the frequency of the neutron spin pre-
cession in the magnetic guide ﬁeld of the spectrometer (0.02 G)
is rather low (60 Hz), and that the neutron spin performs a com-
plete precession on a ﬂight path of 10 cm. Thus the appearance
of perpendicular pseudo-magnetic ﬁeld in the vicinity of the wall
at distances shorter than 1 cm should be considered as a non-
adiabatic process.
At every new collision with the vertical wall the direction of
the neutron spin deviation will be random and uncorrelated to the
directions of previous deviations. The most probable full angle of
the spin deviation ϕ from the vertical after n collisions will be
proportional to the root of the number of collisions ϕ = √nϕ
or ϕ = √ f Tϕ , where f is the frequency of collisions with the
vertical wall in a unit of time, and T is the UCN storage time.
The frequency of collisions with the vertical wall can be calculated
from the vertical surface (SV), the trap volume (V ), and the neu-
tron velocity (v), using f (v) = SVv/4V = 15 Hz. Although the full
angle of the polarization deviation grows with time as a square
root function, polarization decreases from its initial state as a lin-
ear function, because
P (T ) = P0 cosϕ ≈ P0
(
1− f ϕ
2
2
T
)
. (12)
Averaging over the UCN spectrum and using the parameters of
the trap in the experiment [2] together with the fact that the de-
crease in polarization accounted for not more than 10% after stor-
age of UCN for 100 s, we can give an estimate for the value gSgPλ2A.
Apparently, the UCN polarization observed in the experiment [2] is
most likely connected with the presence of paramagnetic centers
at the matter surface. However, as we cannot extract this effect, it
can be considered as an upper limit for the pseudo-magnetic de-
polarization:
gSgPλ
2
A  2.96× 10−21
[
cm2
]
(95% C.L.),
10−4 cm < λA < 1 cm. (13)
The upper limit for λA is determined by the fact that the thick-
ness of the quartz wall in the experiment [2] was 1 cm. The lower
limit is determined by the classical method of solving the problem
of UCN interaction with the pseudo-magnetic ﬁeld during UCN re-
ﬂection, which is true for distances much longer than the neutron
wavelength.
Another independent estimation for gSgPλ2A can be made us-
ing data from the work [4], where UCN depolarization on differ-ent materials was studied. 14 measurements in total were carried
out. Beryllium coatings on copper and aluminum, beryllium oxide
coatings (i.e. the ones that were used in the traps of the EDM spec-
trometer [2]) were studied. Moreover depolarization was measured
on teﬂon, fomblin oil (where hydrogen is replaced with ﬂuorine),
and also on graphite and graphite coatings. In all cases depolariza-
tion was observed. The probability of a spin ﬂip per one reﬂection
from the surface substance (α) varies from (0.6–0.7) × 10−5 (for
teﬂon, fomblin, graphite and copper) up to 3.7 × 10−5 (for beryl-
lium oxide coatings).
Results of UCN depolarization measurement in the works [4]
and [2] do not contradict each other within a factor 1.5. The ef-
fects of depolarization on copper are smaller than those on beryl-
lium coatings. Besides, the density of copper is higher than that of
fused quartz by 3.3 times. Therefore the limit for the value gSgPλ2A
from the work [4] for Cu is almost by an order of magnitude bet-
ter:
gSgPλ
2
A  3.9× 10−22
[
cm2
]
(95% C.L.),
10−4 cm < λA < 10−3 cm. (14)
The range of values λA for the given limit if signiﬁcantly lower,
because measurements of depolarization effects were carried out
in the magnetic ﬁelds of the order of 100 G, where one neutron
spin precession occurs within ∼1.7×10−3 cm. Accordingly the re-
gion in the vicinity of the matter surface, where non-adiabatic spin
precession takes place, is less than 10−3 cm.
The limits for gSgPλ2A given here are shown in Fig. 2 together
with the limits from the works [12] and [10]. The limits on gSgP
in the range of λA from 0.1 cm to 1 cm given in [12] are improved
by 4 to 5 orders of magnitude.
A further improvement of accuracy by the method of UCN de-
polarization, using pure materials without paramagnetic and ferro-
magnetic inclusions is feasible. Particularly employment of fomblin
coating in low magnetic ﬁelds and cylindrical geometry but with
a high vertical wall may possibly allow us to improve the limit
for gSgPλ2A but not more an order of magnitude. It should be
mentioned that the sensitivity of an experimental search for the
pseudo-magnetic ﬁeld by means of UCN depolarization is propor-
tional only to gSgPλ2A squared, but by means of the shift of reso-
nance [1] is proportional to gSgPλ2A in ﬁrst power.
The method of measuring the resonance shift due to the
pseudo-magnetic precession is therefore more promising. Of course,
simple change of the magnetic ﬁeld direction in the magnetic
shield using a two-chamber trap (Fig. 1) is problematic due to
hysteresis of the magnetic shield. This method will require ro-
tating or moving traps in a magnetic ﬁeld stabilized by means
of Cs-magnetometers. The answer for the question about possible
systematic errors can be obtained only experimentally. The limit
of accuracy of the method deﬁned by statistics (UCN density) is
shown in Fig. 2 by line 4.
3. Discussion
First of all let us estimate the obtained restriction for this CP-
violating potential with respect to the gravitational potential. For
this purpose one can calculate the ratio of coeﬃcients in front of
the 1/r-function:
α = h¯
2gSgP
8πmnλ
/GNm
2
n = 0.6× 1037gSgP
mA
mn
, (15)
where GN is the Newtonian constant. For example, when λ = 1 cm
and gSgP = 10−20, α = 1.2 × 103, when λ = 10−4 cm and gSgP =
10−13, α = 1.2× 1014.
426 A.P. Serebrov / Physics Letters B 680 (2009) 423–427Fig. 2. 1 – “gravitational” levels [12]; 2 – UCN depolarization (this work); 3 – axion model with θ = 1, Cf = 1; 4 – statistical limit of proposal [1]; 5 – [10]; 6 – constraint for
gSgP from independent constraints for gS [15] and gP [5]; 7 – axion model with θ = 10−10, Cf = 1.Now let’s make the estimations of the parameters of the ax-
ion model. Using equations [2–4] one can show that gSgPλ2 ≈
10−23C2f θ , where C
2
f = CpCn. As it follows from experimen-
tal restrictions on the neutron electric dipole moment [2,3],
θqcd < 10−10. This gives a very strong limit, gSgPλ2 < 10−33. The
pseudo-magnetic forces at distances more than 10−4 cm will be
weaker than gravitation forces [13,14]. This analysis shows that in
the frame of the axion model with the restriction from the neutron
EDM gSgPλ2 is so small that it is impossible to reach the corre-
sponding restriction by means of an experimental search for the
CP-violating pseudo-magnetic ﬁeld. In Fig. 2, line 4 for the statisti-
cal limit of this experiment is considerably higher than line 7 with
θqcd < 10−10. However this conclusion is model-dependent. The
value θqcd < 10−10 demonstrates the restriction for CP-violation in
strong interaction.
It is worth reminding that the limit on θqcd of 10−10 is de-
rived at subatomic distance scales of 10−13 cm. Staying on purely
phenomenological grounds, one could ask whether the same strin-
gent limit would apply to θ measured at distance scales of ∼1 cm.
Even though we do not have any concrete theoretical realiza-
tion of scale-dependent θ , it is still worth contemplating such
possibility. For example, we can assume that for our range of λ
(10−4 cm–1 cm), θ is about one. In general case this assump-
tion is not in contradiction with an upper limit for the neutron
EDM.
Now let us consider constraints for gSgPλ2, using indepen-
dent limits for gS and gP. The limits for gP can be obtained
from astrophysical limit for fA, fA > 4 × 108 eV [5]. Then gP <
2.5 × 10−9. The constraints for gS can be taken from the labo-
ratory experiments for gravitational interaction of material mass
[15], g2Sλ
2  10−40 at λ = 1 cm. As result we have the following
estimation:
gSgPλ
2  2.5× 10−29 [cm2]. (16)
This restriction (16) is less than the limit of the experimen-
tal sensitivity (line 4). However, we cannot make the conclusion
that the experimental search for CP-violating precession is un-reasonable to realize. It would be again a model-dependent con-
clusion. In a general case the effect of CP-violating interaction
of polarized neutrons can exist and at the same time the ef-
fect of interaction of unpolarized matter would be absent due to
absence of polarization (attractive forces for one spin direction
and repulsive forces for opposite spin direction compensate each
other).
Finally we have to conclude that the obtained restrictions have
to be considered as model-independent ones.
4. Summary
1. In the frame of a general axion model we can assume that θ
can be about one for the mass range within the “axion win-
dow”.
2. In the general case it is possible to have at the same time
a sizeable pseudo-magnetic ﬁeld (gSgPλ2A > 10
−26 cm2) and a
small neutron EDM.
Finally we have to conclude that both experimental tasks, the
search for CP-violating pseudo-magnetic ﬁeld and the search for
the neutron EDM should be realized, although the latter is much
more important.
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